Results revealed significant relationships along the latitudinal and bathymetric gradients. Deep-sea 7 animals sampled at temperate and polar latitudes displayed lower isotopic ratios and greater 8
of Japan (Kharlamenko et al., 2013) . Furthermore, over the past decade, it has become evident 37 that the simultaneous use of different trophic markers (e.g. δ 15 N, δ 13 C, and fatty acids, FA) and 38 techniques (e.g. bulk or compound specific isotope analysis, as well as FA, gut content and 39 morphometric analyses) provides a more complete picture of trophic structure and dynamics. 40 interpretation of isotopic and FA data is complex, and both techniques require dedicated and 73 sophisticated instrumentation (e.g. gas chromatograph, mass spectrometer) and knowledge of 74 intrinsic sources of variations (see Sect. 1.4). Although each method needs a sufficient sample 75 size, only gut content analysis may provide direct and clear evidence of the diet (Table 1) . 76
Therefore, as stated above, the latest trend in trophic ecology advocates a multifaceted approach, 77 on the understanding that each technique may offer unique and valuable data. 78
The principle behind the use of food-web tracers is that the biochemical signature of 79 consumers reflects that of their diet. Among them, δ former is used to study trophic positions and dietary sources, with an enrichment factor of 2-4‰ 81 between a consumer and its food (Minagawa and Wada, 1984) ; the latter undergoes little 82 fractionation (<1‰) and, therefore, is used to distinguish primary food sources (McConnaughey 83 and McRoy, 1979) . For further details, refer to Sulzman (2007) and Michener and Kaufman (2007) 84 who have provided extensive reviews on the chemistry behind stable isotopes and their use as 85 food-web tracers, respectively. In addition, sterols, FA and amino acids, which are important 86 constituents of lipids (for the former two) and proteins (for the latter), have successfully been used 87 to study trophic relationships and dietary sources in deep-water systems (Howell et al., 2003 ; 88 Drazen et al. 2008a Drazen et al. , 2008b ). Their use is based on the principle that certain FA and amino acids 89 are considered essential for animals, being required for optimal fitness. However, most species 90 cannot synthesize these essential compounds de novo and, therefore, they must gain them through 91 their diet. Indeed, only primary producers and a few consumers possess the enzymatic apparatus 92 to synthesize essential FA and amino acids de novo. Conversely, a few taxa are unable to 93 synthesize sterols de novo, which are critical for them; therefore, they have to acquire these 94 essential sterols through diet (Martin-Creuzburg and Von Elert, 2009). Because sterols, FA, and 95 amino acids undergo little or no alteration when consumed, it is possible to detect dietary sources 96 within the consumers' tissues (Parrish et al., 2000) . The isotopic signature of amino acids can also 97 be used to study trophic position through compound specific analysis (δ 
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As there is no photosynthetically-derived primary production in the deep sea, deep-water 105 ecosystems are mostly heterotrophic (Gage, 2003) , and may hence largely rely on particulate 106 organic matter (POM) that passively sinks from the surface waters as a primary source of nutrients 107 (Hudson et al., 2004) . Nonetheless, food can also be actively transported down by those animals 108 that carry out vertical diel migrations through the water column (Trueman et al., 2014) ; it can also 109 be provided by the occasional fall of large animal carcasses (Smith and Baco, 2003) ; and/or by 110 lateral inputs, from inland and shelf areas towards abyssal offshore regions (Pfannkuche, 2005) . 111
Although most of the deep-water ecosystems are heterotrophic, a few, such as hydrothermal vents 112 and cold seeps, are fuelled by chemical energy (e.g. methane, hydrogen sulfide) and rely on 113 chemosynthetic microorganisms for the production of organic matter. Each of these primary food 114 sources has a specific isotopic composition and biochemical signature, resulting from a 115 combination of chemical and physical processes reflective of its origin. By knowing the composition 116 of the food source(s) that fuel(s) a given food web, it is possible to re-construct its trophic structure 117 and dynamics. Conversely, by measuring the signatures of the food-web components, it is possible 118 to assess food sources on which they rely. For instance, Iken et al. (2001) showed that 119 phytodetritus was the primary energy input of the deep-sea benthic community at PAP, and also 120 defined two different trophic pathways: a pelagic and isotopically lighter one in which sinking POM 121 and small pelagic prey constituted the main food sources; and a benthic and more isotopically 122 enriched trophic pathway, fuelled by degraded sedimented POM. In fact, once POM settles on the 123 seafloor, it undergoes continuous degradation by microbes and is reworked through bioturbation 124 and feeding activities, thus leading to a more isotopically enriched material relative to the sinking 125 both stable isotopes and FA to study the dietary sources of benthic invertebrates collected along 132 the continental slope (500-1600 m depth) in the Sea of Japan. The authors recognized different 133 trophic pathways (i.e. planktonic, benthic, microbial) and dietary sources by using biochemical 134 tracers; and they proposed a strong link with the primary production of the surface waters, as the 135 FA composition of the deep-sea echinoderms and mollusks was similar to that of the shallow-water 136
counterparts. 137
As POM sinks through the water column, its δ Deep-water systems are generally characterized by a limited food supply, as the quantity of 160 food being transferred from the surface to the bottom diminishes with increasing depth (Gage, 161 2003) . In addition, in temperate areas, food arrives as intermittent pulses, following the spring and 162 late summer blooms of primary (and secondary) productivity. For this reason, deep-water benthic 163 communities can only rely on fresh, high-quality phytodetritus within short temporal windows 164 following algal blooms; whereas reworked and resuspended POM fuels these communities for the 165 rest of the year (Lampitt, 1985) . Deep-sea benthic organisms have hence developed adaptations 166 and strategies to increase their feeding success and minimize competition for food, including 167 trophic niche expansion and specialization. In this regard, certain benthic taxa (e.g. pennatulacean 168 corals, hexactinellid sponges) and/or feeding groups (e.g. suspension and deposit feeders) at PAP 169 showed vertical extension of their trophic niches (i.e. omnivory) which, according to Iken et al. 170 (2001) , was most likely driven by a strong competition for food. In other words, some species 171 belonging to the same taxon or feeding guild shared similar food sources (i.e. exhibiting similar 172 or global). In this section, the main sources of variation are illustrated and explained by type ( Table  195 2). 196
Biological sources 197
Age, size, and sex, whether related to diet, determine natural intraspecific variability in the isotopic 198 
Environmental sources 231
Larger-scale (e.g. regional, global) comparative studies among deep-sea habitats are complicated 232 by the wide bathymetric ranges they may occupy, anywhere between 200 and ~11 000 m depth. no agreement among studies. Nonetheless, the removal of urea prior to analysis or the use of 288 arithmetic corrections are among the most common solutions applied to deal with the presence of 289 these compounds. In addition, the former seems to be the more commonly recommended and 290 performed, as the application of mathematical corrections requires the calculation of species-291 specific discrimination factors, which is not always feasible (Hussey et al., 2012) . 292
Sample storage is also crucial to obtain reliable data, since non-optimal preservation 293 methods may compromise the outcome of the investigation. Regarding the storage temperature, 294 while biological samples for gut content and stable isotope analysis are commonly frozen at -20°C, 295
if not processed soon after their collection; those for lipid analysis are either stored at -80°C 296 (recommended) or at -20°C prior to further processing in the lab. Since storage at -20°C might not 297 completely prevent lipid degradation, especially if samples are analyzed after several years, rapid 298 initial processing of samples and vacuum packing may reduce potential issues when freezing at -299 80°C is not logistically feasible. In addition, freezing is highly recommended over chemical storage 300
for stable isotope analysis, as there is evidence that formalin/ethanol considerably alters the 301 Table 3 WoRMS and FishBase online databases or was already included in the source paper. In addition, 358 species were labelled as "meso-bathypelagic" and "bathyal-abyssal", if the depth at collection was 359 not specified further, but the whole set of samples for a study was collected within those zones. In 360 the current analysis, tissue type, acidification treatment, sampling season, sex, and age were not 361 considered as variables, because i) they were assumed to not play a major role in global-scale 362 investigations and/or ii) this information was not always provided. In addition, tests were performed 363 on lipid-corrected and uncorrected δ (Table S2) . 376
Materials and methods
333 2.1.1 Data set 334 This analysis focused on studies that used either bulk stable isotope or FA analysis, or a 335 combination of them, to infer trophic relationships of deep-water organisms, as well as to study 336 deep-sea food webs. Studies on chemosynthetic habitats (e.g. hydrothermal vents) were excluded 337 a priori to avoid possible biases. In fact, these habitats are fuelled by primary dietary sources, e.g. 338 methane, whose isotopic and FA composition is substantially different than that of POM (Rau and 339 Hedges, 1979; Saito and Osako, 2007).Biogeosciences Discuss., https://doi.org/10.5194/bg-2019-80 Manuscript under review for journal Biogeosciences Discussion started: 12
Statistical analysis 377
Comparisons among multiple groups of deep-sea organisms were run through t-tests and oneway 378 analysis of variance (ANOVA). In particular, isotopic (i.e. δ test, Kruskal-Wallis oneway ANOVA on ranks, and Dunn's method pairwise comparisons were 384 performed instead. In addition, multivariate statistics, i.e. principal coordinate analysis (PCO) and 385 permutational MANOVA (PERMANOVA) were used to study the variability in the isotopic and FA 386 composition of deep-water organisms across different latitudes, habitats, collection depths, and 387 phyla. In addition, a distance based linear model (DistLM) was run to assess which of these four 388 factors contributed the most to such a variability. PCO, PERMANOVA, and DistLM were run on 389 resemblance matrices, based on Euclidean distance for the isotopic data, and Bray-Curtis for the 390 FA data. Data were not normalized or transformed prior to analysis. Univariate statistics was 391 conducted using Sigmaplot 12.5, while PCO, PERMANOVA and DistLM were run through Primer 392
with the add-on package PERMANOVA+ (Clarke and Gorley, 2006). 393
Results
394
Analyses revealed both latitudinal and depth-related trends for isotopic and essential FA 395 Among the four variables considered (i.e. latitude, habitat, collection depth, and phylum), 428 analyses revealed that 'habitat' and 'phylum' were the most important factors influencing the 429 variability the stable isotope (respectively 13 and 9%; DistLM, adjusted R 2 = 0.4) and FA 430 (respectively 8 and 12%; DistLM, adjusted R 2 = 0.3) composition of deep-water organisms (Fig. 4) . 431
Discussion
432
The present analysis shows for the first time, the existence of a) latitudinal trends in both stable 433 isotope and essential FA composition of deep-sea organisms, with decreasing δ reproduction of the copepod Acartia tonsa were severely compromised by the alteration of FA 491 content and composition of its primary food source, the diatom Thalassiosira pseudonana, exposed 492 to high CO2 levels. The present investigation, therefore, suggests that changes in amounts and 493 composition of surface production could also result in changes in essential nutrients and 494 biomarkers in deep-sea benthic organisms that feed on it, with possible cascading effects 495 throughout deep-water food webs. Such variations may alter nutrient intake of deep-sea benthic 496 organisms, as well as trophodynamics; and they may also influence species' abilities to cope with 497 deep cold waters. 498
Conclusions
499
This investigation provides a first summary of the information available on deep-sea food webs 500 inferred by bulk stable isotope and FA analyses, providing guidance for future studies and a 501 glimpse at global-scale patterns in the biochemical composition of deep-water organisms. Food-502 web tracers represent a powerful tool that can help elucidate the structure and dynamics of food 503 webs from shallow to deeper waters, and support management initiatives. However, this tool is 504 even more effective when combined with other techniques (e.g. gut content analysis), as each 505 method provides uniquely valuable data. When comparing studies, it emerges that there are 506 multiple sources of variations, whether biological, environmental, and/or analytical. Depending on 507 the scale of the investigation, these differences are more or less susceptible to biases, suggesting 508 that they have to be considered and acknowledged when attempting cross-comparisons even 509 though they may be contextually acceptable. The preliminary analysis conducted here detected 510 latitudinal and bathymetric trends in the isotopic and FA composition of deep-sea species. In light of 511 global climate change and the link between surface production and deep-sea communities, 512 changes in amounts and composition of surface production may influence the essential nutrient 513 intake (e.g. ω3 PUFA) of deep-water organisms. Because ω3 PUFA are involved in the response to 514 temperature variations in ectotherms, climate change may also affect the ability of these species to 515 cope with potential temperature shifts. However, more studies are required to help detect global 516 trends, especially in those areas that are still poorly understood (most deep-sea areas) or not yet 517 investigated (e.g. in the southern hemisphere). In addition, it is necessary to standardize analytical 518 methods to limit the influence and compensate for natural variability. 519 Table S1 . Dataset applied to analyze trends in the isotopic composition of deep-sea 520 animals. 521 Table S2 . Dataset applied to analyze trends in the essential FA composition of deep-sea 522 animals. 523
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